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The fish brain, particularly the hypothalamus, and neighboring pituitary gland serve 88 important roles in maintaining osmotic homeostasis in the whole organism (Bernier, 2009) neurons and glia) are not directly exposed to changes in environmental salinity, these cells still 97 encounter and respond to hyperosmotic challenge. Mammalian brain cells have evolved to be 98 very sensitive to small changes in extracellular osmolality, which are thought to be perceived 99 through changes in blood plasma osmolality (Davson and Segal, 1996) . Interestingly, the 100 organum vasculosum of the lamina terminalis in the mammalian brain is believed to serve as the 101 primary 'osmostat' and provides feedback regulation for the osmoregulatory response been demonstrated to be important for dietary health in cultured juvenile tilapia, suggesting that 138 the implications of this compatible osmolyte go beyond osmotic regulation (Shiau and Su, 2005) . 139
For example, inositol derivatives are important for the structure of many second messengers and 140 are also involved with multiple cell signaling events (Downes and Macphee, 1990; Michell, 141 2008 spiked with 9.3ng/ml d 6 -myo-inositol at room temperature. The homogenate was then 227 centrifuged at 4ºC at 10,000*g for five minutes and the liquid interface (excluding cell pellet and 228 lipids) was removed. The interface was centrifuged again for five minutes at 10,000*g and 229 homogenate was stored at -80ºC until analyses. 230
To prepare samples for downstream processing, tissue homogenates were first thawed slowly on 231 ice and samples were centrifuged at 10,000*g. The supernatant was transferred to an Ultrafree 232 Durapore PVDF 0.1µm centrifugal filter (EMD Millipore, Billerica, MA, USA) and centrifuged 233 at 14,167*g at 4ºC for 15min. Flow through was then transferred to sterile LC-MS vials (Waters, 234
Milford, MA, USA) which contained 150µl inserts (Waters, Milford, MA, USA). 235
LC-MS/MS Method Conditions:
The concentrations of myo-inositol were measured using an 236 Agilent 1200 SL (Santa Clara, CA) ultra-high performance liquid chromatography coupled with 237 an AB Sciex 4000 QTRAP quadrouple-linear ion trap tandem mass spectrometer (Foster City, 238 CA, USA) equipped with an electrospray source (Turbo V ®). The stationary phase was a Luna 239 5µm NH 2 150 x 2.0 mm column (Phenomenex, Torrance, CA, USA) and the mobile phase was 240 5mM ammonia acetate in 50% MeOH/water solution. An isocratic method was used with 241
The Journal of Experimental Biology -ACCEPTED AUTHOR MANUSCRIPT 9 0.2ml/min flow rate with an injection volume of 10µl. The column oven was set at 40ºC and the 242 autosampler was kept at 4ºC. In order to establish the LC-MS/MS method, the standards of myo-243 inositol and d 6 -myo-inositol were first infused into the mass spectrometer and MRM transitions 244 and source parameters were optimized for each compound. Source parameters were then re-245 optimized under flow injection acquisition mode (infusion of analytes into the column eluent 246 flow). The instrument was operated in negative MRM mode for analyzing samples and the final 247 optimized mass spectrometric parameters are given in Table 2 . 248
LC-MS/MS Data Analysis: 249
The concentrations were quantified according to the calibration solutions of myo-inositol 250 (Sigma-Aldrich, St. Louis, MO, USA, >99% purity) ranging from 0.1 -1000ng/ml using the 251 for each sample grouping was calculated by taking the inverse of the unstandardized residual 269 variance per assigned group. Subsequently, a one-way WLS ANOVA was performed with time 270 or salinity as a factor which compared salinity-treated groups to the combined freshwater control 271 group (0hr). Post-hoc analyses were then conducted using Tukey's multiple comparison test to 272 determine differences between time points (acute acclimation) and salinity endpoints (chronic 273 acclimation). Correlation analyses were also performed on MIB enzyme mRNA data and plasma 274 osmolality for both chronic and acute data sets. In acute data sets, MIB enzyme mRNA data and 275 plasma osmolality were log-transformed prior to performing the correlation analysis. 276
Statistically significant correlations were identified using Pearson's correlation coefficient, 277 however, due to heteroscedasticity in these data, a non-parametric Spearman correlation analysis 278 was also performed. Slope differences between correlation lines were evaluated using a repeated 279 measures analysis of covariance, identifying plasma osmolality as the covariate. The 280 significance threshold of p<0.05 was set for all statistical tests. 281 Percent hematocrit was significantly higher in treatment fish compared to freshwater control 285 (0hr) at 2hr and 24hr. At 16hr, hematocrit levels in treated fish were lower than those in treated 286 fish at 2hr and 24hr. (Fig. 1D ). Percent hematocrit was not found to significantly change for the 287 chronic salinity acclimation. Total blood plasma osmolality, Na + , and Cl -all showed similar 288 patterns of regulation under acute and chronic acclimations. In the acute acclimation, salinity-289 treated fish had significantly higher blood plasma osmolality, Na + , and Cl -at 2, 4, 8, 16, and 290 24hrs compared to freshwater controls (0hr). These parameters all reached peak values 291 (~460mOsm/kg, ~215mM Na + and Cl -) at 16hr post acclimation and gradually tapered off to 292 levels similar to 4-8hrs at 24hrs (Fig. 1A-C ). In the chronic acclimation, a typical dose response 293 was observed with regard to total osmolality and the plasma ions. The highest plasma 294 osmolality, Na + , and Cl -(~475mOsm/kg, ~215mM Na + and Cl -) concentrations were observed at 295 90ppt ( Fig. 2A-C) . Plasma K + concentration was not found to be significantly different from 296 controls in acute and chronic acclimations (data not shown). 297
MIB pathway mRNA expression: 298
MIPS-160, MIPS-250, and IMPA1 mRNA abundances were significantly higher in acute 299 hyperosmotic treatment groups versus the freshwater control at every time point tested (Fig. 3A -300 C). MIPS-160 alternative splice variant was generally expressed at a higher level (~2 times 301 higher) than the MIPS-250 splice variant in the later time points in the acute acclimation (16, 302 24hr) or higher salinity endpoints for the chronic acclimation (Fig. 3A-B, Fig. 4A 
-B). IMPA1 303
The Journal of Experimental Biology -ACCEPTED AUTHOR MANUSCRIPT 11 mRNA abundance was much higher than that of IMPA2 in brain under both acute and chronic 304 salinity acclimations (Fig. 3C, Fig. 4C ). Under acute acclimation, IMPA1 mRNA peaked 305 (~1500 fold relative to controls, p<0.001) at 16 hours, which is the same time MIPS-160 (~100 306 fold relative to controls, p<0.001) showed highest expression. IMPA1 was expressed at the 307 highest level (~780 fold relative to controls, p<0.001) at the 90ppt salinity endpoint for the 308 chronic experiment. The IMPA2 isoform remained relatively stable across treatments, but was 309 significantly higher than controls at 8, 16, and 24hrs (acute, Fig. 3D ) and 90ppt (chronic, Fig.  310   4D) . 311
Myo-inositol levels: 312
Sample recovery was determined to be an average of ~50% across samples as determined with 313 the internal standard d 6 -myo-inositol. Myo-inositol concentrations were found to be the most 314 significantly increased in later time points (24hr, p<0.001) following acute hyperosmotic 315 challenge and trailing the mRNA induction of MIB enzymes (Fig. 5A) . Myo-inositol 316 concentration was also significantly higher (p<0.001) at all salinity endpoints in the chronic 317 acclimation compared to the freshwater control (Fig. 5B) . Myo-inositol was found to be more 318 robustly regulated under chronic acclimation (especially 90ppt) compared to acute acclimation. 319
Correlation and slope analyses: 320
MIPS-160, MIPS-250, and IMPA1 mRNA relative abundances (salinity treated/ handling 321 controls) were positively correlated (p<0.01, Pearson and Spearman) to blood plasma osmolality 322 in both acute and chronic acclimation data sets (Fig. 6A-D) . Generally, IMPA mRNA 323 abundance changes showed a stronger correlation to blood plasma osmolality than MIPS splice 324 variant mRNA abundance changes. Significant differences between the slopes of MIPS-160 and 325 MIPS-250 correlation lines were observed under acute (p<0.044) and chronic (p<0.017) 326 acclimations. 327 328
DISCUSSION: 329
The objective of this study was to gain deeper insight into how tilapia brain cells respond to 330 acute and chronic hyperosmotic challenge. Specifically, we were interested in determining 331 whether the MIB pathway is an important mechanism used by tilapia brain cells to accumulate 332 the compatible osmolyte, myo-inositol, and secondly, to determine if blood plasma osmolality 333 changes precede and if brain myo-inositol levels follow salinity-induced changes in in MIB 334 enzyme mRNA expression. 335
Acute and chronic salinity acclimation alters blood plasma chemistry 336
Salinity treatment had a clear effect on blood plasma chemistry. Plasma osmolality was 337 found to be significantly increased under both acute and chronic salinity acclimations. Na + and 338
Cl
-displayed the same overall pattern as plasma osmolality, suggesting that these two ions are 339 key contributors to increased plasma osmolality. Under acute acclimation, ion concentrations 340 and plasma osmolality were both highest at 16 hours. Similarly, Hwang et al. (1989) also 341 detected peak values in inorganic ions and plasma osmolality before 24 hours after acute hyper-342 salinity acclimation of tilapia. Under chronic acclimation plasma osmolality, Na + and Cl -were 343 highest at the 90ppt salinity endpoint. Surprisingly, we found that plasma osmolality in chronic 344 acclimation was maintained at elevated levels (~475mOsm/kg) for 24 hours without mortality. glucose in brain after acclimation of gilthead sea bream to hyper-saline conditions. Our findings 468 strongly suggest that the high demand for myo-inositol production in brain cells exposed to 469 hyperosmotic challenge increases the requirements for glucose uptake across the BBB, however, 470 specific glucose analyses would need to be conducted in order to support this hypothesis. , 1996) and also 500 may reflect differences in permeability of the capillaries. This may also be the case for MIB 501 enzyme activity, and future studies should localize the specific region(s) of tilapia brain that 502 contribute to the observed high MIB induction. 503
The permeability of molecules across the BBB in fish has yet to be investigated. It is 504 possible that the MIB pathway may be favored over the use of cotransporters in brain because of 505 lower BBB permeability towards myo-inositol relative to glucose (Pasquali et al., 2010) . 506
Interestingly, in mammals, an increase in general permeability of the BBB can be induced by 507 hyperosmotic challenge (Lu et al., 2004; Mackie et al., 1986; Wilhelm et al., 2008) . The likely 508 mechanism for this effect is temporary cell shrinkage which creates openings in the tight 509 junctions between brain capillary endothelial cells (Davson and Segal, 1996) . This effect has 510 been applied in human patients with central nervous system disorders by simultaneous 511 administration of hyperosmotic challenge (e.g., mannitol, urea) with drugs to increase BBB 512 permeability and improve drug delivery to the brain (Dorovini-Zis et al., 1987). Increased 513 uptake of glucose across the BBB to supply the MIB pathway and meet energetic demands is 514 likely mediated by activation of specific glucose transporters versus a result of non-specific 515 increases in BBB permeability. In future studies, sampling of cerebrospinal fluid for osmolality 516 and ion measurements as well as determination of glucose transporter activity in the BBB could 517 serve to elucidate the roles of BBB permeability changes and glucose transport for supplying the 518 large amount of substrate required by the MIB pathway during hyperosmotic challenge in 519 euryhaline fish. 520
In summary, this study has clearly demonstrated that both enzymes of the MIB pathway 521 are highly induced, which leads to extensive accumulation of myo-inositol in tilapia brain in 522 response to acute and chronic salinity challenge. Based on its rapid and high level of 523 accumulation myo-inositol appears to be a major compatible osmolyte that protects tilapia brain 524 cells from hyperosmotic challenge. MIB pathway induction and myo-inositol accumulation are 525 both preceded and presumably triggered by an increase in plasma osmolality and plasma 526 inorganic ion concentration. In particular, the role of plasma Na 
